Safe and powerful energy storage devices are becoming increasingly important. Charging times of seconds to minutes, with power densities exceeding those of batteries, can in principle be provided by electrochemical capacitors-in particular, pseudocapacitors 1, 2 . Recent research has focused mainly on improving the gravimetric performance of the electrodes of such systems, but for portable electronics and vehicles volume is at a premium 3 . The best volumetric capacitances of carbon-based electrodes are around 300 farads per cubic centimetre 4, 5 ; hydrated ruthenium oxide can reach capacitances of 1,000 to 1,500 farads per cubic centimetre with great cyclability, but only in thin films 6 . Recently, electrodes made of two-dimensional titanium carbide (Ti 3 C 2 , a member of the 'MXene' family), produced by etching aluminium from titanium aluminium carbide (Ti 3 AlC 2 , a 'MAX' phase) in concentrated hydrofluoric acid, have been shown to have volumetric capacitances of over 300 farads per cubic centimetre 7, 8 .
Here we report a method of producing this material using a solution of lithium fluoride and hydrochloric acid. The resulting hydrophilic material swells in volume when hydrated, and can be shaped like clay and dried into a highly conductive solid or rolled into films tens of micrometres thick. Additive-free films of this titanium carbide 'clay' have volumetric capacitances of up to 900 farads per cubic centimetre, with excellent cyclability and rate performances. This capacitance is almost twice that of our previous report 8 , and our synthetic method also offers a much faster route to film production as well as the avoidance of handling hazardous concentrated hydrofluoric acid.
In the search for new electrode materials, two-dimensional solids are of particular interest owing to their large electrochemically active surfaces 9 . For example, activated graphene electrodes have capacitances of 200-350 F cm 23 compared to 60-100 F cm 23 for activated porous carbons 10, 11 . Yet graphene is limited to the chemistry of carbon, does not tap into metal redox reactions as in ruthenium oxide (RuO 2 ) (ref. 6) , and its conductivity is substantially decreased by the addition of redox-active functional groups 12 . MXenes (of the formula M n 1 1 X n T x , where M is a transition metal, X is C and/or N, and T x denotes surface functionalization) are a relatively young class of two-dimensional solids, produced by the selective etching of the A-group (generally group IIIA and IVA elements) layers from the MAX phases, which comprise a .70-member family of layered, hexagonal early-transition-metal carbides and nitrides 13 . To date, all MXenes have been produced by etching MAX phases in concentrated hydrofluoric acid (HF) [14] [15] [16] . MXenes have already proved to be promising candidates for electrodes in lithium (Li)-ion batteries 17, 18 and supercapacitors 8 , exhibiting volumetric capacitances that exceed most previously reported materials. However, the path to electrode manufacturing required the handling of concentrated HF and a laborious multi-step procedure. Here we sought a safer route by exploiting the reaction between common, inexpensive hydrochloric acid (HCl) and fluoride salts, leading to dissolution of aluminium and the extraction of two-dimensional carbide layers. Furthermore, given the ability of MXenes to preferentially intercalate cations (post-synthesis) 8 , a related question was whether etching and intercalation might be achieved in a single step, as was observed for etching of thin Ti 3 AlC 2 films with ammonium bifluoride 19 . The change in MXene properties upon intercalation and the compositional variability of fluoride salts suggested the possibility of a one-step procedure for the synthesis of many MXenes, with tunable structures and properties.
The MXenes reported in this study were prepared by dissolving LiF in 6 M HCl, followed by the slow addition of Ti 3 AlC 2 powders and heating of the mixture at 40u C for 45 h. After etching, the resulting sediments were washed to remove the reaction products and raise the pH (several cycles of water addition, centrifugation and decanting). The resulting sediment formed a clay-like paste that could be rolled, when wet (Fig. 1a) , between water-permeable membranes in a roller mill to produce flexible, free-standing films (Fig. 1c ) in a matter of minutes, in contrast to those previously produced by the laborious technique of intercalation, delamination, and filtration 18 . A graphical depiction of the processing is provided in Extended Data Fig. 1 . Further, scaling was not limited to the size of the filtration apparatus; films of any dimensions could readily be produced. Additionally, when wet, the 'clay' could be moulded and dried to yield various shapes that were highly conductive (Fig. 1d) . Diluted, it could also be used as an ink to deposit (print) MXene on various substrates. Like clay, the material could be rehydrated, swelling in volume, and shrinking when dried (Fig. 1b) .
Energy-dispersive spectroscopy confirmed that aluminium (Al) was removed, and X-ray diffraction (XRD) revealed the disappearance of Ti 3 AlC 2 peaks (traces can be seen in the case of incomplete transformation). Multilayer particles did not show the accordion-like morphology seen in HF-etched MXenes reported to date 14, 20 ; rather, particles appeared tightly stacked, presumably as a result of water and/or cationic intercalation (see Extended Data Fig. 2a ). Fluorine and oxygen were observed in energy-dispersive spectroscopy; this, coupled with X-ray photoelectron spectroscopy showing evidence of Ti-F and Ti-O bonding, suggests O-and F-containing surface terminations, as has been discussed at length for HF-produced MXenes 14, 21 . The yield of MXene after etching, calculated as described previously 14 , is around 100%, which is comparable with the HF-etching method. Our new method thus does not lead to material losses, although an accurate yield determination is difficult owing to the variability of surface groups and amount of intercalated water.
XRD patterns of the etched material, in its air-dried multilayered state, showed a remarkable increase in the intensity and sharpness of the (000l) peaks (Fig. 2a, pink) ; in some cases the full width at half maximum (FWHM) was as small as 0.188u, as opposed to the broad peaks typical of HF-etched MXene 7 , and more typical of intercalated MXenes Further, compared to a lattice parameter of c < 20 Å for HF-produced Ti 3 C 2 T x , the corresponding value in this work was 27-28 Å . XRD patterns of still-hydrated sediment showed shifts to even higher spacings: lattice parameters as high as c < 40 Å have been measured. These large shifts are suggestive of the presence of water, and possibly cations, between the hydrophilic and negatively charged MXene sheets. From these substantial increases in c and the clay-like properties (see below), it is reasonable to assume that-as in clays 22, 23 -the swelling is due to the intercalation *These authors contributed equally to this work.
of multiple layers of water and possibly cations between the MXene sheets. Interfacial water has a more structured hydrogen-bonding network than bulk H 2 O (ref. 24) . The MXene surface, holding a negative electric charge, may act to align the dipoles of water molecules between MXene layers.
When the 'clay' was rolled into freestanding films, XRD patterns again showed strong ordering in the c direction (Fig. 2a, blue) . Films, ranging in thicknesses from submicrometre to about 100 mm, were readily produced by this method. The most compelling evidence for particle shearing is the marked intensity decrease of the (110) peak around 61u, indicating a reduction of ordering in the non-basal directions while order in the c direction was maintained (see blue XRD pattern in Fig. 2a and scanning electron microscopy (SEM) image in Extended Data Fig. 2b) . Morphologically, the thinner films showed more overall shearing of the multilayer particles when viewed in cross-section (Fig. 2e, f) and exhibited substantial flexibility, even when allowed to dry thoroughly (inset to Fig. 2e ). The contact angle of water on the rolled MXene film was measured as 21.5u, confirming its hydrophilic nature (Extended Data Fig. 3 ). Attempts to hydrate and roll HF-produced MXene were unsuccessful; we propose that the intercalated water acts as a lubricant that allows facile shearing.
The c parameter expansion also resulted in the weakening of interactions between the MXene layers, as evidenced by the easy delamination of multilayered particles by sonication, as is done for van der Waals solids 9 . In our previous work, typical sonication times for delamination (after post-synthesis intercalation with dimethyl sulphoxide) were of the order of 4 h (ref. 18 ). Here, sonication times of the order of 30-60 min resulted in stable suspensions with concentrations as high as 2 g per litre, higher than observed previously. Remarkably, the yield from multilayer to dispersed flakes was about 45% by mass. Freestanding films were also readily fabricated by filtering these suspensions, as reported previously 8 . The fact that the LiF 1 HCl etchant was much milder than HF resulted in flakes with larger lateral dimensions (Fig. 2b) that did not contain the nanometre-size defects frequently observed in HF-etched samples 25 . Transmission electron microscopy (TEM) analysis showed that, of 321 flakes analysed, over 70% had dimensions of 0.5-1.5 mm (Extended Data Fig. 4a, b) . Single layers about 10 Å thick were imaged using TEM (Fig. 2c, d) , confirming that the material is indeed two-dimensional. Analysis of 332 flakes suggested that roughly 70% of the flakes were 1-2 layers thick (Extended Data Fig. 4c-f) . We note that, since the restacking or folding of flakes can lead to higher apparent thicknesses (Extended Data Fig. 5 ), the 70% estimate is conservative. Thus, using this method, LETTER RESEARCH large fractions of single-layered MXene flakes with high yields, large lateral sizes, and good quality can be readily produced. The flake lateral sizes reported here are larger than those reported for HF-etched Ti 3 . For comparison, we characterized the electrochemical performances of rolled, freestanding Ti 3 C 2 T x films in 1 M sulphuric acid (H 2 SO 4 ). The advantages of acidic electrolytes include not only their excellent conductivities but also that protons, being the smallest cations, are known to allow for surface redox reactions in transition-metal oxide electrodes, such as RuO 2 , MnO 2 and some others, and may contribute to the capacitance via fast surface redox 1, 26 . At a scan rate of 2 mV s
21
, capacitance values reached 900 F cm 23 ( Fig. 3a) and a good rate handling ability was observed (Fig. 3b) . The results-summarized and compared with previous work 8 in Fig. 3b clearly show that rolled Ti 3 C 2 T x clay electrodes show outstanding capacitive performance, not only volumetrically but gravimetrically as well, achieving 245 F g 21 at 2 mV s
. This can be ascribed to the smaller size of H 1 compared to other intercalating cations, surface redox processes, and improved accessibility of interlayer spacing in LiF 1 HCl-etched MXene owing to pre-intercalated water, compared to the previously studied HF-etched samples. It is worth noting that a similar positive role of structural water for capacitive performance in acidic electrolytes was observed for hydrated ruthenium oxide 27 . The electrodes showed no measurable capacitance losses even after 10,000 cycles (Fig. 3c) . Coulombic efficiency is close to 100% (inset in Fig. 3c) , confirming that the outstanding performance is not due to parasitic reactions.
To quantify the capacitive and diffusion limited contributions to the total capacitances, we used the approach of ref. 28 . The results of this analysis-summarized in Fig. 3d-show 
, there is a noticeable, yet not prevailing, contribution of diffusion-limited processes to the total capacitance. At scan rates of 20 mV s 21 and higher, the response is not diffusion-controlled but is rather due to surface capacitive effects, whether electrostatic or pseudocapacitive. This observation is in agreement with the conjecture of Levi et al. 29 about the presence of shallow-and deep-trap sites in MXene structures. Further, if there are also redox contributions from changes in the oxidation states of surface Ti atoms 28 , the redox processes are not diffusion-limited, and thus represent 'intrinsic' capacitive behaviour 30 . When the electrochemical responses of three rolled clay electrodes (5 mm thick, 30 mm thick and 75 mm thick) were compared (Fig. 3e, f) , not surprisingly, the volumetric capacitances decreased with increased thickness. These thickness-dependent differences can be partially traced to the electrode morphologies. As noted above, electrodes thinner than 10 mm showed good flake alignment (Fig. 2e ) with typical densities of 3.6-3.8 g cm 23 . At 2.2-2.8 g cm 23 , the densities of the thicker (15 mm and larger) rolled electrodes were lower, which is a reflection of the fact that their core seemed to be more open (Fig. 2f) . And while the lower densities led to lower volumetric capacitances, their more open structure ensured accessibility to ions and thus similar rate performances as their thinner counterparts (Fig. 3e, f) . The lower densities also ensured that the drop in gravimetric capacitances with thickness (see Extended Data Fig. 6 ) was not substantial. A summary of key mass-and volumenormalized capacitance values as a function of electrode thickness is provided in Extended Data Table 1 . Although the voltage window used for testing is relatively narrow, it can be expanded by conducting tests in other types of electrolytes, such as neutral aqueous and organic electrolytes, or using MXenes as negative electrodes in asymmetric cell configurations.
The good capacitive rate performance of the 75-mm-thick electrodes (Fig. 3e) is noteworthy, however, and demonstrates scalability and huge promise of MXenes for application as negative electrodes of hybrid RESEARCH LETTER large-scale energy storage devices. Electrodes of that thickness cannot be produced by filtration and the MXene clay-like characteristics add important versatility to electrode manufacturing, allowing films of the required thicknesses to be rolled. Note that the capacitance values reported herein are still preliminary. As better understanding of how the films' morphologies affect their capacitances is gained, enhancements in the latter should ensue.
In terms of versatility, the LiF 1 HCl solution was also capable of etching other MAX phases, for example, Nb 2 AlC and Ti 2 AlC. In the case of Ti 2 AlC, we delaminated the multilayer powders in a similar fashion to Ti 3 C 2 T x to produce suspensions of Ti 2 CT x flakes, as well as Ti 2 CT x 'paper', which had not been previously reported. These considerations hint at the potential of this new etching method for the synthesis of other MXenes, which will be explored in future studies.
This method of MXene production was successful to varying degrees for other fluoride salts, such as NaF, KF, CsF, tetrabutylammonium fluoride, and CaF 2 in HCl, all of which showed similar etching behaviour. When H 2 SO 4 was used instead of HCl, MXenes were still obtained. We note here that these systems are options and merit further study; the ability to fine tune the reaction based on reagents used will indubitably lead to potentially useful variations in compositions and properties, especially since it is reasonable to assume that different acids and salts should modify the surface chemistries and pre-intercalate different ions.
In summary, a new high-yield method for MXene synthesis that is safer, easier, and provides a faster route to delaminated flakes has been detailed. This method yields a clay-like material (for a discussion of the effect of experimental conditions on properties, see Methods), which can be shaped to give conductive solids of desired forms, or rolled into thin sheets, for a host of applications. When the rolled films were used as supercapacitor electrodes in a H 2 SO 4 electrolyte, the performances were extraordinary, with volumetric capacitances up to 900 F cm 23 or 245 F g
. When it is further appreciated that these numbers are 'firstgeneration' numbers that will no doubt increase as we better understand the underlying processes and modify the material structure and chemistry, the potential of these non-oxide two-dimensional materials to push electrochemical energy storage to new heights is clear.
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